The effects of turbulence and flame instabilities on the flame front evolution at Lewis number ͑Le͒ 1.0 and 0.7 were computationally investigated using a sixth-order central difference scheme and nonreflective boundary conditions. The turbulence intensity varies from 1% to 50% and the resulting turbulent flames are in the thin wrinkled flame region. It is shown that when the turbulence intensity is weak ͑uЈ =1% -5%͒, hydrodynamic instability dominates the growth of the flame cells. However, when the turbulent intensity is large ͑uЈ =50%͒, the turbulent motion wrinkles the flame front and dominates the evolution process. It is also demonstrated that curvature stretch dominates the total stretch rate for flames with either weak or large turbulent intensities, and therefore plays a significant role in turbulent flame modeling.
I. INTRODUCTION
Previous theoretical studies on the structure and propagation of turbulent premixed flames frequently modeled the embedded laminar flamelets as interfaces propagating normally with a given velocity toward an imposed turbulent flow field.
1,2 Thermal expansion was frequently suppressed, and, as such, flame front hydrodynamic instability that can induce additional flows was correspondingly suppressed. In reality, since the density ratio across the flame interface can be as large as 5 to 10, the intensity of the hydrodynamic instability can be very strong. If the flame is also subjected to diffusional-thermal instability when the mixture Lewis number deviates from unity, the potential flame-flow coupling is further enriched. These effects have been studied and are well known for laminar flames. 3 For the few studies on the role of flame instabilities and external turbulence in turbulent premixed combustion, using model equations, [4] [5] [6] one of the main goals was to identify the conditions under which flame instability plays an important role, with the effects quantified through the turbulent flame speed. Specifically, using the Sivashinsky equation, 7 Cambray and Joulin 4 studied hydrodynamic instability 8, 9 by simulating a premixed flame propagating toward a turbulent flow with a weak intensity relative to the laminar flame velocity. It was found that the scale of the smallest flame cells is of the same order as the critical wavelength of hydrodynamic instability of the planar flame. This result is significant because it shows that flame instability must be considered in order to describe the flame front evolution and to determine the scale of the flames cells. It contradicted the assumption that the scale of the smallest flame cells is determined by the scale of the turbulent flow. 2 Denet extended this study to a twodimensional closed flame front and also considered pocket formation. 5 It was concluded that hydrodynamic instability is important for low and moderate turbulent forcing. More recently, Bychkov derived a model equation that describes the dynamics of a weakly turbulent flame front with large thermal expansion. 10 By solving this model equation numerically, Akkerman and Bychkov studied the turbulent flame speeds with different turbulence intensities and thermal expansion ratios in a three-dimensional flow. 6 It was found that, while the increase of the burning rate is controlled by hydrodynamic instability for weak turbulence, turbulent effects dominate strong turbulence. The possible coupling between the external turbulence and hydrodynamic instability was also identified.
The effect of hydrodynamic instability was also studied experimentally. 11, 12 Specifically, Kobayashi et al. investigated turbulent premixed methane/air flames up to 30 atm. It was observed that the turbulent flame velocity is three to four times larger than the laminar flame velocity, and that the flame cells at high pressures are of a much smaller scale. Soika et al. studied similar turbulent premixed methane/air flames stabilized by a bluff-body flame holder up to 11 atm. The PDF ͑probability density function͒ of the flame front curvature at different pressures was measured, and it was found that the distribution of the curvature becomes broader at higher ambient pressures. All the experimental results have been interpreted as the effect of stronger hydrodynamic instability at higher ambient pressures.
We note from the above discussions that although there have been studies addressing the effects of hydrodynamic instability and external turbulence on turbulent flames, there have been very limited detailed numerical studies directly solving the full set of N-S equations such that the flame structure and all the turbulent scales can be fully resolved. In the present research therefore we address the effects of external turbulent intensity and flame instabilities on the flame front evolution using a high-order DNS ͑direct numerical simulation͒ solver to fully resolve the interaction between turbulence and flame instabilities. We also investigate the correlation between the local flow and local flame and compare the present results with those of the stretched flame theory.
II. GOVERNING EQUATIONS AND NUMERICAL SPECIFICATIONS
The two-dimensional flame instabilities were simulated using a one-step irreversible reaction model. The computational domain is rectangular, with the x and y coordinates, respectively, designating the directions that are perpendicular and parallel to the initial planar flame. The length of the computational domain is 160 times the flame thickness, and the width is determined by the initial cell wavelength and the number of cells. The unburned gas is supplied from the left boundary as the flame propagates from right to left along the x coordinate. The mixture's laminar flame speed and flame temperature are fixed at 3.98 m / s and 2086 K, respectively. The density ratio of unburned gas to the burned gas is 7. The large flame speed was chosen because it promotes the growth rate of hydrodynamic instability so that the required computation time can be significantly reduced. The activation energy normalized by the product of the universal gas constant and the unburned gas temperature ͑T u = 298 K͒ is 70. The collision frequency of the chemical reaction is determined for the specified laminar flame speed as the eigenvalue of the one-dimensional premixed propagating flame.
The above physical problem is modeled by the compressible Navier-Stokes equations for reactive flows. By neglecting viscous dissipation at a low Mach number in the energy equation, and assuming constant transport properties, the species, momentum, and energy conservation equations can be written as
where t, x, and y are, respectively, the time and spatial coordinates, U the vector of the conservative variables, E and F the convective flux vectors in the x, y directions, E v and F v the corresponding diffusive flux vectors, and S the vector of the reaction source term:
where 1 and 2 are, respectively, the densities of the reactant and the product, the total density, u and v the velocities in x and y directions, respectively, E the total energy, p the pressure, V ix and V iy the diffusion velocities in x and y directions, 1 the chemical production rate of the reactant, mn the viscous stress, q m the flux of heat conduction in the m direction, Re the Reynolds number, and Da the Damköhler number.
The equation of state and the definition of enthalpy for the total energy are given by
Mass diffusion is modeled by Fick's law and thermal conduction by Fourier's law. The species, momentum, and energy conservation equations were solved by a sixth-order compact central difference scheme and a third-order Runge-Kutta scheme. On the inlet boundary, flow velocity, temperature, and mass fractions are specified. On the outlet boundary, nonreflective boundary conditions 15 are employed. On the upper and lower boundaries, periodic boundary conditions are applied. The computational domain is uniformly embedded with 801 ϫ 512 grid points. We have carefully tested the convergence and accuracy of the present numerical method by doubling the grid density and halving the time step, and have observed that the results remained the same.
The reference quantities for nondimensionalization, designated by the subscript 0, are as follows: the reference length scale is the flame thickness, l 0 = ␦, the density is that of the unburned gas, 0 , the speed is the laminar flame speed at 1 atm, c 0 = 3.984 m / s, and the time is given by t 0 = l 0 / c 0 .
The computation was started by calculating the onedimensional flame structure using the same computation code. The two-dimensional simulation is then conducted by superimposing a small initial perturbation to the onedimensional flame structure. The initial perturbation is a small flame-front displacement.
where A 0 is the perturbation magnitude and k the wavenumber. The wavelength ͑k͒ of the initial perturbation ͓Eq. ͑4͔͒ of the three flame cells was chosen to be 0.184, which is the critical wavenumber of the linear dispersion relation. 16 The width of the computation domain is 102.3.
The field of velocity fluctuation is generated according to the following isotropic turbulent energy spectrum:
where k is the nondimensional wavenumber, and k 0 the most energetic wavenumber and corresponds to that of the integral scale. We first generate the initial turbulent flow field and superimpose it on the mean flow as the initial velocity field. 17 Then this turbulent flow was instantaneously superimposed on the inlet mean flow velocity field according to the mean flow. The mean flow is varied to balance the global flame speed so that the flame remains in the center of the computation domain. The local flame speed is also computed along the flame front. Detailed definitions of the global and local flame speeds are discussed in Ref. 15 . Since the turbulent flow field is superimposed only at the inlet boundary and convected downstream with the mean flow, the turbulence intensity does not decay with time. Therefore, although there is no vortex stretching mechanism in two-dimensional ͑2-D͒ turbulence to preserve the current energy spectrum ͓Eq. ͑5͔͒, we still used a 3-D turbulent energy spectrum as the inlet boundary conditions.
In the following sections, we shall investigate the effects of turbulence on the hydrodynamic flame instability at unity and subunity Lewis numbers by studying the nonlinear flame front evolution history under different incoming flow turbulent intensities: uЈ =0 ͑laminar͒, 1%, 2%, 5%, and 50%. In the following discussions weak turbulent intensity refers to the cases with inflow velocity fluctuations from 1% to 5%, and large turbulent intensity corresponds to uЈ = 50%. The case of uЈ = 50% is not large compared with those of experiments ͑Ref. 11͒. However, this turbulence intensity already shows the effect of external turbulence. The case with even higher turbulence intensity requires large-scale computational resources. The integral length scale ͑⌳ = 26 flame thickness͒ of the inflow turbulence is selected to be onefourth of the lateral domain width in order to correctly model the dynamics of the turbulent motions. 17 The turbulent Re based on the integral scale is 13 when uЈ = 50%. Then, all the cases considered in this paper are at the thin wrinkled flames ͑i.e., flamelets͒ regime in the turbulent premixed flame diagram. 18 Furthermore, the estimated Kolmogorov scale is = ⌳ /Re 3/4 =26/13 3/4 = 3.8 flame thickness. There are approximately ͑5 grids/ flame thickness͒ ϫ 3.8= 19 grids to resolve the Kolmogorov scale. Therefore, the current modeling can well resolve the turbulent flow field.
III. RESULTS AND DISCUSSIONS
A. Effects of turbulence on flame instability for unitary Lewis number
Global flame speed and flame evolution for weak turbulence intensities
The influence of turbulence intensity on the flame dynamics is characterized by the global flame speed shown in Fig. 1 . It is seen that the laminar and weak turbulent flames have similar behavior at the early stage ͑t Ͻ 30͒, in that the global flame speed increases sharply because of the rapid growth of the initial perturbation. The acceleration rate of the global flame speed when t Ͻ 30 is slightly larger than that of the laminar flame case and does not change with increasing turbulence intensity, hence demonstrating that the influence of flame instability is much stronger than that of turbulence. However, the turbulent flame speed is larger than the laminar flame speed because of the increase in the flame surface area. Thus flame instability dominates the growth of the initial perturbation during the initial stage of flame acceleration, and the weak turbulence plays a minor role.
After the initial acceleration, the global flame speeds of the laminar and turbulent flames first become constant and then suddenly increase. When the flow is laminar, the first spike in the global flame speed occurs at t = 137. By increasing the turbulence intensity, this spike occurs progressively earlier ͑e.g. t = 55 for uЈ =5%͒. The global flame speed subsequently starts to fluctuate and the fluctuation frequency increases with the turbulent intensity ͑Fig. 1͒.
To understand the effect of turbulence on the global flame speed, as shown in Fig. 1 , the evolution of the flame cells is examined in Figs. 2-4 . It is seen that after the growth of the initial perturbation via flame instability, three large cells are formed. They are sustained for a long time because hydrodynamic instability is the only physical mechanism to convolute the flame surface when the flow is laminar. This process corresponds to the region of constant global flame speed from t = 30 to 115. After this quasistable period, nonlinear flame evolution yields cell merging between t = 115 and 125 ͓Fig. 2͑a͔͒. Thermal expansion from the two large cells induces a strong diverging flow toward the neighboring smaller cell ͓Fig. 2͑b͔͒. Thus the smaller flame cannot balance the fast incoming flow and is convected downstream and eventually disappears ͓Fig. 2͑c͔͒. At t = 137, the remaining two large cells merge and form a deep trough due to the strong divergent flow from them. The depth of the trough and the total flame area subsequently decrease ͓Fig. 2͑c͔͒ following the transient merging process. This cell merging process yields the first spike of the global flame speed shown in Fig. 1 .
When weak turbulence is introduced, cell splitting and merging repeats, leading to continuous fluctuations of the global flame speed in Fig. 1 . A typical sequence of continu-
ous merging and splitting at uЈ = 5% is shown in Fig. 3 . It is seen that, at t = 19, three flame cells are formed due to the growth of the initial perturbation, and then the first cell merging occurs at t = 48. This is followed by a further cell merging at t = 67, resulting in a single flame cell at t = 96 that splits at t = 105. Figure 1 also shows that the fluctuation frequency and magnitude of the global flame speed increase with increasing turbulence intensity. This effect can be explained by using the vorticity contour at t = 105 ͑Fig. 4͒. It is seen that the incoming vortex in the unburned gas mixture is convected downstream by the mean flow and interacts with the flame front. This interaction introduces a finite flame front perturbation and yields the flame cell growth by the hydrodynamic instability. Since the average strength of the vortex increases with the turbulence intensity, the stronger interaction at larger uЈ enhances the perturbation and thus increases the fluctuation frequency and magnitude. However, because hydrodynamic instability plays a dominant role in the interaction when the vortex is weak, 19 the duration of time required for cell splitting and merging does not depend on the intensity of the weak turbulence. Consequently, the evolution of the flame area is controlled by hydrodynamic instability.
Global flame speed and flame evolution for large turbulence intensities
We next study the influence of large turbulent intensity in the evolution of the flame front by increasing the turbulence intensity to uЈ = 50%.
As shown in Fig. 1 , the initial acceleration of the flame with the large turbulent intensity ͑uЈ =50%͒ is much larger than that of the weak turbulence, when t Ͻ 30. After the initial flame acceleration, the global flame speed also starts to fluctuate with a much larger magnitude and higher frequency, with the instantaneous global flame speed that can be twice as large as that of the laminar flame. The corresponding flame front evolution history is shown in Fig. 5 . It is seen that even at t = 1, the three initial flame cells have developed into four cells. At t = 5, the four cells grow further. By comparing this evolution with that of weak turbulent flames ͑Figs. 2 and 3͒, one can understand that the fast flame evolution at large turbulence intensity is not due to hydrodynamic instability. Instead, the flame is wrinkled by the motion of the strong turbulent vortex. Furthermore, Fig. 5͑c͒ shows that, different from the weak turbulent flames ͑Figs. 2 and 3͒, the flame cells and cell orientation of flames with the large turbulent fluctuation show a chaotic feature after the initial flame acceleration. This chaotic feature again demonstrates that the evolution of flame cells is dominated by the large turbulence fluctuation instead of the flame front instability. In addition, fluctuation of the global flame speed in Fig. 1 is caused by this chaotic flame front evolution.
PDFs of local flame speed and stretch
Since variation of the global flame speeds can be caused by those of either the flame area or the local flame structure, we need to understand how the local flame properties, such as the flame speed and curvature, are affected by the turbulent flame intensity. Consequently, we have computed the PDFs ͑probability density function͒ of the local flame speed ͑Fig. 6͒, the total stretch rate ͑Fig. 7͒, and the curvatureinduced stretch ͑Fig. 8͒ to investigate the effect of turbulence on the local flame structure. Figure 6 shows that when the turbulence intensity is weak, the local flame speed spans over a very narrow regime, with 0.98Ͻ S L Ͻ 1.01. When it is large, the range of the local flame speed distribution becomes larger ͑0.95Ͻ S L Ͻ 1.05͒, although variation of the local flame speed is less than 10%. These results show that the magnitude of the local flame speed fluctuation is much smaller than those of the global flame speed. Therefore, the fluctuation of the global flame speed is mainly due to variation of the flame surface area. Figure 6 also shows that for both the weak and large turbulent intensities, the local flame speeds are mostly smaller than that of the planar, unstretched flame. To understand this phenomenon, we have analyzed the PDFs of the total stretch rate at the flame front ͑Fig. 7͒, with the total stretch rate defined as the rate of change of the ͑logarithm of the͒ flame surface area, given by 20
where k s is the total stretch rate, V the flow velocity at the flame front. In the 2-D domain, the flame location can be written as a function of time and the distance in the stream- wise direction, y = f͑x , t͒. Then we can define F͑x , y , t͒ = y −f͑x , t͒, where F͑x , y , t͒ = 0 is the flame surface location, and n is the unit vector normal to the flame front pointing in the direction of the burned gas. Figure 7 shows that most of the flame segments are positively stretched for flames with weak and large turbulent intensities. It is further seen that when the turbulence intensity is weak, it does not significantly affect the PDF of the total stretch rate. However, when the turbulence intensity is large, the PDF is greatly broadened. To further understand the contributions of the total stretch rate from flow nonuniformity and flame curvature, we decompose the total stretch rate into two parts: curvature-induced stretch and flow-induced stretch, 20 given by
Here the first term is the curvature stretch, which is proportional to the local flame curvature and the divergence of the normal direction of the local flame front, while the second term represents the stretch due to flow nonuniformity. We evaluated the flow stretch rate along a constant temperature contour ͑T =5͒ at the unburned side. Since the normalized adiabatic flame temperature is T = 7 and the Zeldovich number is 8.57, the bulk reaction occurs within a narrow temperature range with ⌬T = RT b 2 / E = 0.7. Therefore, the constant temperature contour that we chose was not affected by the reaction zone. The flow stretch depends on the location where we evaluate it. However, the total stretch rate does not depend on the location. 20 Figure 8 shows the PDF of the curvature stretch, flow stretch, and the total stretch rate at uЈ = 5% and 50%. It is seen that the majority of the curvature stretch is positive. In contrast, most of the flow stretch is negative and narrowly distributed for weak turbulence, which implies that flame instability produces negative flow stretch. On the other hand, for large turbulent intensity, a significant part of the flow stretch is positive. This result therefore further confirms that the flow field and hence flow stretch at large turbulent intensity are greatly modified by fluctuations of the turbulent velocity. However, since the average magnitude of the curvature stretch is much larger than that of the flow stretch, in both cases the curvature stretch dominates the total stretch rate. The small variation of the flame speed and the dominant role of curvature stretch for flames with both weak and large turbulent intensities suggest that the inner structure of the flame is not modified by the turbulent motions and the flame elements are wrinkled flamelets. This conclusion agrees with the turbulent premixed combustion diagram, 18 which shows that flames indeed fall in the flamelet regime and the turbulent motion does not modify the flame inner structure.
While the flame inner structure is not modified even for uЈ = 50%, the PDF of the curvature stretch is greatly broadened, shown in Fig. 8͑b͒ , because turbulent vortex motion wrinkles the flame front. Since curvature stretch dominates the total stretch rate, the distribution of the total stretch rate also becomes broader ͑Fig. 7͒, which in turn directly modifies the PDF of the local flame speed shown in Fig. 6 . Therefore, large turbulent intensity can greatly broaden the PDFs of the curvature stretch, total stretch rate, and local flame speed.
B. Effects of turbulence on flame instability for Le= 0.7
For this study we introduced the same initial perturbation of three flame cells as that for Le= 1.0 and simulated the same five cases with different turbulence intensities: uЈ =0 ͑laminar͒, 1%, 2%, 5%, and 50%.
Since diffusional-thermal instability is operative at the flame scale, the critical wavelength of the hydrodynamic instability is reduced 16 when it is destabilizing, for LeϽ 1. Separation of the scales will change the evolution of the flame front and amplify the interaction between turbulence and flame instability. These are discussed in the following, for the Le= 0.7 flames. Figure 9 shows that the global flame speed initially increases from t =0 to t = 9 and the acceleration pattern is the same as that of that of the Le= 1 flames shown in Fig. 1 . Investigating the evolution of the flame front, we have confirmed that for the weak turbulent flames ͑uЈ =1ϳ 5%͒, acceleration of the global flame speed is also dominated by hydrodynamic instability, similar to the case of Le= 1.
Global flame speed and flame evolution for weak turbulent intensities
Subsequent to the flame acceleration period, the global flame speed of the weak turbulent flames show rapid and fine fluctuations over the large fluctuations resulting from the large cell splitting and merging. These fine fluctuations of the global flame speed were not observed for the Le= 1 flames ͑Fig. 1͒.
To understand the cause of the fine fluctuations, we investigated the evolution of the flame front ͓Fig. 10͑a͔͒ and 
Global flame speed and flame evolution for large turbulence intensities
We next study the influence of large turbulence intensities, for uЈ = 50%. Figure 9 shows that, after introduction of the initial disturbance, the global flame speed immediately fluctuates with a much larger magnitude than that of weak turbulent flames. In addition, fine fluctuations are also present over the large fluctuations.
The evolution of the turbulent flame is shown in Fig. 11 . It is seen that turbulent motion immediately wrinkles the flame front at t =3 ͓Fig. 11͑a͔͒, which agrees with the earlier observation of Fig. 5͑a͒ .
After the initial increase of the global flame speed, the flame front is dominated by large flame cells ͓Fig. 11͑b͔͒. Since the length scale of the flame cells is much larger than the critical wavelength and is comparable to the turbulence integral scale, these large cells result from the turbulent motion. The interaction of the large flame cells causes the large magnitude of fluctuation of the global flame speed shown in Fig. 9 . However, small flame cells, whose wavelengths are comparable to the critical wavelength of flame instabilities, can also occur simultaneously with the large flame cells, as shown at t = 53 and 58 ͓Fig. 11͑b͔͒. These small cells are responsible for the fine fluctuations in Fig. 9 . In summary, when the turbulent intensity is large, turbulent motion starts to wrinkle the flame front. 
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Furthermore, large amplitude fluctuation is the major mode of the global flame speed fluctuation because turbulence dominates the evolution of the flame front.
PDFs of local flame speed and stretch
Following the same strategy as that in Sec. I, we then investigated the effect of turbulence on the PDFs of the local flame speed ͑Fig. 12͒, the total stretch rate ͑Fig. 13͒, and the curvature stretch ͑Fig. 14͒. Figure 12 shows that the local flame speed is mainly distributed between 1.0 and 1.4. Therefore enhancement of the local flame burning rate contributes significantly to the increase of the global flame speed. Compared to the PDF of local flame speeds for Le= 1.0 ͑Fig. 6͒, Fig. 12 suggests that the local flame structure changes dramatically because subunity Lewis numbers can modify the local flame temperature. More interestingly, the flame speed PDF does not vanish when the local flame speed vanishes, which indicates the existence of local flame extinction. Moreover, when the turbulence intensity increases, distribution of the PDFs slightly increases and the most probable flame speed increases when the turbulence intensity is uЈ = 50%. Therefore, turbulence intensity has a significant impact on the PDF of the local flame speed.
To investigate the correlation between the total stretch rate and the local flame speed, we computed the PDF of the total stretch rate of the turbulent flames for Le= 0.7 ͑Fig. 13͒. It is seen that the majority of the flame segments is positively stretched and the range of the distribution of the total stretch rate is significantly larger than that of the Le= 1 flames.
We then similarly decomposed the total stretch rate into the curvature stretch and flow stretch. Through the same argument as that for the Le= 1.0 cases ͑Fig. 8͒, Fig. 14 shows that curvature stretch dominates the total stretch rate for both weak and large turbulent intensities. However, distribution of the curvature stretch of the Le= 0.7 flames is much broader than that of the Le= 1.0 flames, because the rapid splitting and merging of the smaller flame cells for Le= 0.7 result in a broader range of the curvature. In addition, an increase of the turbulence intensity broadens the distribution of the curvature stretch and the local flame speed.
IV. CONCLUSIONS
In this study we investigated the influence of turbulence and flame instabilities on Le= 1.0 and 0.7 flames. To limit the effect of turbulence, we only considered the turbulent flames in the thin wrinkled flame region because turbulence cannot change the flame inner structure in this region.
It is shown that turbulence enhances global flame burning. When Le= 1.0, the enhancement is from the increased FIG. 14. PDF of the curvature stretch, the flow stretch, and total stretch rates of Le= 0.7, uЈ = 5% and 50%.
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Yuan, Ju, and Law Phys. Fluids 18, 104105 ͑2006͒ flame area; when Le= 0.7, the enhancement is from both the increased flame area and stronger local flame speed. Through analyzing evolution of the flame cells, scale of the flame cells, and the PDF of the total stretch rates, we recognized that when the turbulence is weak ͑uЈ =1% -5%͒, the turbulence fluctuation generates perturbations at the flame front while hydrodynamic instability dominates the growth of the flame cells. As a result, the PDF will not change with the energy spectrum of the turbulence at the inlet boundary. When the turbulent intensity is large ͑uЈ =50%͒, the turbulent motion wrinkles the flame front and dominates the evolution process. The turbulence intensity may change the shape of the PDF.
By decomposing the total stretch rate into two components, curvature stretch and flow stretch, we identified that curvature stretch dominates the total stretch rate for both weak and large turbulent intensities, and therefore plays a significant role in turbulent flame modeling. The large turbulent intensity modifies the PDFs of the curvature stretch, the total stretch rate, and the local flame speed.
